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1. INTRODUCTION {#mbo3596-sec-0001}
===============

Historical documents and archives are cultural heritage objects of great importance and their proper preservation is a major concern. They provide a kind of collective memory used by scholars all over the world to study different historic periods. These documents are composed of organic substrates such as paper, parchment, papyrus, or photographic paper and they are commonly preserved in libraries, archives, and museums. Such items can be considered as substrates hosting a reservoir of microorganisms, the majority of which is involved in their biodeterioration. Therefore, it is crucial to preserve them in conditions which inhibit microbiota proliferation and to develop suitable monitoring schemes to avoid their damage (Kraková et al., [2016](#mbo3596-bib-0027){ref-type="ref"}; Sterflinger & Pinzari, [2012](#mbo3596-bib-0062){ref-type="ref"}). Paper materials in indoor environments suffer from various physicochemical and biological agents, while most of them are subject to biodeterioration caused by fungi and bacteria (Pasquarella et al., [2012](#mbo3596-bib-0045){ref-type="ref"}). Biodeterioration of paper results in undesirable and irreversible changes in the physicochemical and mechanical properties of historical documents (Lavin, de Saravia, & Guiamet, [2014](#mbo3596-bib-0030){ref-type="ref"}). Fungi are considered major agents of biodeterioration and more than 200 fungal species have been isolated from paper documents, books, and prints (Pinzari, Pasquariello, & De Mico, [2006](#mbo3596-bib-0049){ref-type="ref"}). Fungi can damage historical paper documents by either producing cellulolytic enzymes or by releasing weak acids and pigments (Arai, [2000](#mbo3596-bib-0002){ref-type="ref"}; El Bergadi, Laachari, Elabed, Mohammed, & Ibnsouda, [2014](#mbo3596-bib-0018){ref-type="ref"}; Pinzari, Cialei, & Barbabietola, [2010](#mbo3596-bib-0048){ref-type="ref"}; Sterflinger, [2010](#mbo3596-bib-0061){ref-type="ref"}; Zotti, Ferroni, & Calvinic, [2011](#mbo3596-bib-0067){ref-type="ref"}). Cellulolytic enzymes can degrade cellulose microfibrils and under favorable conditions paper material is decayed in short time (El Bergadi et al., [2014](#mbo3596-bib-0018){ref-type="ref"}; Sterflinger, [2010](#mbo3596-bib-0061){ref-type="ref"}). Excretion of weak acids and pigments creates "rusty" stains and discolorations on the outer paper surface, a phenomenon known as *foxing* (Arai, [2000](#mbo3596-bib-0002){ref-type="ref"}; El Bergadi et al., [2014](#mbo3596-bib-0018){ref-type="ref"}; Zotti et al., [2011](#mbo3596-bib-0067){ref-type="ref"}). Following fungal colonization and biodegradation, degraded cellulose microfibrils offer an enriched substrate for bacterial growth (Michaelsen, Piñar, & Pinzari, [2010](#mbo3596-bib-0035){ref-type="ref"}). Bacterial microflora has been reported to colonize and damage paper material (Cappitelli, Pasquariello, Tarsitani, & Sorlini, [2010](#mbo3596-bib-0007){ref-type="ref"}; Kraková et al., [2012](#mbo3596-bib-0026){ref-type="ref"}; Lavin et al., [2014](#mbo3596-bib-0030){ref-type="ref"}). For instance, *Bacillus* spp. which have cellulolytic and proteolytic activity are implicated in biodeterioration and are commonly isolated from foxed paper documents (De Paolis & Lippi, [2008](#mbo3596-bib-0015){ref-type="ref"}; Kraková et al., [2012](#mbo3596-bib-0026){ref-type="ref"}; Lavin, de Saravia, & Guiamet, [2016](#mbo3596-bib-0031){ref-type="ref"}; Lavin et al., [2014](#mbo3596-bib-0030){ref-type="ref"}). Nevertheless, *a Bacillus licheniformis* strain has been recently isolated from 19th‐century paper documents that secretes a 20 kDa protein active against common biodeteriogenic fungi (Jacob, Bhagwat, & Kelkar‐Mane, [2015](#mbo3596-bib-0024){ref-type="ref"}). Another major issue involved in the deterioration of library material by microorganisms is the health impact on librarians and users. Several fungal species that might produce mycotoxins with an effect on the skin and/or the respiratory system have been isolated from paper documents and archives (Mesquita et al., [2009](#mbo3596-bib-0034){ref-type="ref"}; Sterflinger & Pinzari, [2012](#mbo3596-bib-0062){ref-type="ref"}). Considering the importance of cultural heritage and the potential health impact on library workers, conservators, and visitors, the development of efficient monitoring and management tools is deemed necessary.

Poor storage conditions advance the deterioration state of various paper manuscripts. Microbial attack affects the whole paper object, starting from the surface and progressively penetrating through all layers. Several physicochemical methods have been employed to treat contaminated objects in archives and museums and conserve them in order to prevent further deterioration. Most commonly used strategies include, gamma rays, the use of biocides such as calcium propionate, essential oils, parabens, titanium oxide nanoparticles, and fumigation with ethylene oxide (Michaelsen, Pinzari, Barbabietola, & Piñar, [2013](#mbo3596-bib-0036){ref-type="ref"}; Sequeira, Cabrita, & Macedo, [2012](#mbo3596-bib-0056){ref-type="ref"}; Sequeira, Phillips, Cabrita, & Macedo, [2017](#mbo3596-bib-0057){ref-type="ref"}). Temperature and humidity conditions have been proven as crucial factors that can enhance the degrading activity of microorganisms (Montemarini‐Corte, Ferroni, & Salvo, [2003](#mbo3596-bib-0037){ref-type="ref"}) as their proper control can prevent the development of cellulolytic fungi and bacteria (Sterflinger, [2010](#mbo3596-bib-0061){ref-type="ref"}). Although climate control and frequent cleaning have been used as front‐line methods to control fungal and bacterial contamination leading to biodeterioration, there is a growing interest for target‐specific approaches. Therefore, knowing the type of organisms colonizing paper material and their metabolic activities are critical factors that can assist curators and conservators to select the most efficient and feasible disinfection method. The most frequently used methods of studying microbial biodeterioration involve invasive sampling and culture approaches. However, culture‐dependent methods might cause additional surface damage of the document and suffer from low sensitivity since many candidate species are noncultivable (actually less than 1%) (Cappitelli et al., [2010](#mbo3596-bib-0007){ref-type="ref"}; Mueller & Schmit, [2007](#mbo3596-bib-0038){ref-type="ref"}; Piñar, Tafer, Sterflinger, & Pinzari, [2015](#mbo3596-bib-0047){ref-type="ref"}). Furthermore, they are also strongly affected by the airborne fungal spores which are ubiquitous in the air and might be easily attached on the paper thus detecting and identifying fungal species that are not actually implicated in the foxing process (Choi, [2007](#mbo3596-bib-0011){ref-type="ref"}).

On the other hand, metagenomics (culture‐independent methods) are an alternative approach to investigate the involvement of microorganisms in the biodeterioration process. Metagenomics are widely adopted to identify unculturable or yet‐uncultured microbes which are part of microbial communities present virtually in any environment (Nikolouli & Mossialos, [2012](#mbo3596-bib-0040){ref-type="ref"}), including paper documents, thus allowing a better insight in the biodeterioration process.

The aim of this work was to study the fungal and bacterial diversity in biodeteriorated paper manuscripts dating back to the 19th and 20th century, stored in the Hellenic General State Archives (Athens). These manuscripts are of significant historic importance since they are dating from the Greek postrevolutionary period and include information regarding the constitution of the Independent Greek State and following historic periods. Unfortunately, these documents are severely decayed and a target‐specific preventive conservation strategy is necessary, able to monitor them for avoiding further biodeterioration. Identification of the microbial diversity present in these manuscripts, possibly implicated in biodeterioration, has been performed by culture‐dependent and independent techniques.

2. MATERIALS AND METHODS {#mbo3596-sec-0002}
========================

2.1. Sampling and microbial culture conditions {#mbo3596-sec-0003}
----------------------------------------------

Five historical paper documents were offered for analysis by the Hellenic General State Archives (Athens, Greece). Four out of five documents dated back to 19th century (1840--1843), while the fifth one dated back to 20th century (1919). The samples were macroscopically examined and selected for further analysis, based on macroscopic patterns of biodeterioration such as discoloration, permanent staining, structural damage, and musty odor (Figure [1](#mbo3596-fig-0001){ref-type="fig"}). Two sampling strategies were employed. In the first one, samples were collected from documents (surface area circa 30 cm^2^) demonstrating macroscopic biodeterioration patterns using sterile cotton swabs, whereas in the second one, sterile scalpels were used to remove small fragments (circa 0.5 cm^2^) directly from a heavily biodegraded area of documents. Both cotton swabs and paper fragments were kept at 4°C, in sterile vials till use. Cotton swabs were then used to inoculate Malt Yeast Extract agar plates (Lab M, UK) containing streptomycin (500 μg/ml) (Serva, Germany) for fungal or Nutrient Agar plates (Lab M, UK) for bacterial isolation. Agar plates were incubated at 30°C up to 7 days or up to 3 days, respectively. All fungal and bacterial isolates were kept at −80°C as glycerol stocks.

![This historical document dating back to 1840 has shown extensive signs of biodeterioration upon macroscopic examination (Sample 4). Image courtesy of Hellenic General State Archives (Athens, Greece)](MBO3-7-e00596-g001){#mbo3596-fig-0001}

2.2. DNA extraction and PCR amplification from microbial isolates {#mbo3596-sec-0004}
-----------------------------------------------------------------

DNA was extracted from 17 morphologically distinct fungal isolates using the NucleoSpin Plant II Kit (Macherey‐Nagel, GERMANY) according to manufacturer\'s instructions. Bacterial DNA was extracted from 15 bacterial isolates as described before (Spilker, Coenye, Vandamme, & LiPuma, [2004](#mbo3596-bib-0059){ref-type="ref"}). Briefly, a single CFU was suspended in 20 μl of lysis buffer containing 0.25% (v/v) sodium dodecyl sulfate (Serva, GERMANY) and 0.05 N NaOH (Serva, GERMANY). After heating for 15 min at 95°C, 180 μl sterile H~2~O was added and lysis suspension was stored at −20°C up to 1 week.

The following primer sets were used for the PCR amplification of the internally transcribed spacer (ITS) region in fungi: ITS1‐ITS4 (for 15 isolates) and ITS1F‐NLB4 (for 2 isolates) (Table [S1](#mbo3596-sup-0001){ref-type="supplementary-material"}).

The amplification reaction mixture contained: 1U ExTaq DNA polymerase (Takara, JAPAN), 1× PCR buffer, 0.4 μmol/L of each primer, 250 μmol/L dNTPs, 1 μl DNA template, and deionized sterile water to a final volume of 50 μl.

PCR conditions were based on the protocol described by Mesquita et al. ([2009](#mbo3596-bib-0034){ref-type="ref"}): initial denaturation at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min. A final extension step of 72°C for 10 min was added. PCR products were purified from primers, nucleotides, and salts using the Nucleospin Extract II kit (Macherey‐Nagel, GERMANY).

The universal bacterial primers 27F and 1492R were used for the amplification of the bacterial 16S rRNA gene (Table [S1](#mbo3596-sup-0001){ref-type="supplementary-material"}). The amplification reaction mixture contained: 1U ExTaq DNA polymerase (Takara, JAPAN), 1× PCR buffer, 0.4 μmol/L of each primer, 250 μmol/L dNTPs, 6 μl DNA template, and deionized sterile water to a final volume of 25 μl. PCR conditions were: initial denaturing step at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 57°C for 30 s, and extension at 72°C for 90 s. A final extension step of 72°C for 10 min was added. PCR products were purified from primers, nucleotides, and salts using the Nucleospin Extract II kit (Macherey‐Nagel, GERMANY) according to manufacturer\'s instructions.

2.3. DNA extraction directly from paper samples and PCR amplification {#mbo3596-sec-0005}
---------------------------------------------------------------------

Total DNA extraction directly from all paper samples was performed using the Nucleospin Soil Kit (Macherey‐Nagel, GERMANY) according to manufacturer\'s instructions but it was successful only for samples 1 and 4 as it was assessed by 0.8% agarose gel. The primers ITS1F and NLB4 were used for the PCR amplification of the ITS region in both DNA samples. DNA from sample 4 was also used to amplify the bacterial 16S rRNA gene with the universal primers 27F and 1492R.

PCR reactions both for fungi and bacteria were performed according to the protocols described in section [2.2](#mbo3596-sec-0004){ref-type="sec"}. PCR products were purified from primers, nucleotides, and salts using the Nucleospin Extract II kit (Macherey‐Nagel, GERMANY) according to manufacturer\'s instructions.

2.4. Construction of ITS and 16S rRNA gene clone libraries and sequence analysis {#mbo3596-sec-0006}
--------------------------------------------------------------------------------

ITS amplicons from samples 1 and 4 were used for the construction of two distinct clone libraries, while the bacterial clone library was constructed using the 16S rRNA amplicons from sample 4. PCR amplicons were cloned in the pGEM‐T Easy vector (Promega, USA) following the manufacturer\'s instructions. Clone libraries were kept at −80°C as glycerol stocks. Plasmid DNA was prepared for sequencing from 44 clones of the first ITS library (sample 1), 37 clones of the second ITS library (sample 4), and 64 clones of the bacterial 16S rRNA gene library using the Nucleospin Plasmid kit (Macherey‐Nagel, GERMANY) following the manufacturer\'s instructions. Sequencing was performed using an ABI310 sequencer (ANTISEL Selidis Bros SA, Greece). Good\'s C estimator \[1 − (*n* ~1~/*N*)\] was used to calculate ITS library coverage (Good, [1953](#mbo3596-bib-0020){ref-type="ref"}), where n~1~ is the number of OTUs (operational taxonomic unit) represented by only one clone and N is the total number of clones examined in each library (Chao, [1984](#mbo3596-bib-0009){ref-type="ref"}).

The index of diversity was estimated by *S* ~Chao1~:$$S_{{Chao}1} = S_{obs} + n_{1}{(n_{1} - 1)}/2{(n_{2} + 1)},\,\,\text{where}$$ *S* ~obs~ is the number of OTUs observed in the library, while *n* ~1~ and *n* ~2~ are the number of OTUs occurring one and two times, respectively (Chao, [1987](#mbo3596-bib-0010){ref-type="ref"}). The confidence interval (CI) for *S* ~Chao1~ index estimation is 95%.

Bacterial sequences were checked for chimeras using usearch, (Edgar, Haas, Clemente, Quince, & Knight, [2011](#mbo3596-bib-0017){ref-type="ref"}) and chimeras were excluded from further analysis. All derived sequences were aligned using the program MEGA64 v.5 (Tamura, Dudley, Nei, & Kumar, [2007](#mbo3596-bib-0063){ref-type="ref"}). The obtained ITS and 16S rRNA gene sequences were submitted in BLAST search of the NCBI database (<http://blast.ncbi.nlm.nih.gov/>). Furthermore, 16S rRNA gene sequences were submitted in the RDP database (<http://rdp.cme.msu.edu/>). OTU (Operational Taxonomic Unit), Chao1 species estimator, and Shannon index for the 16S rRNA gene library were calculated using Mothur with the average neighbor assignment algorithm (Schloss et al., [2009](#mbo3596-bib-0055){ref-type="ref"}). The DNA sequences reported in this study have been deposited in GenBank with accession numbers KC492563‐KC492579 for fungal isolates, KC492510‐KC492519 and KC4492521‐KC492525 for bacterial isolates, KC920851‐KC920890 for ITS clone libraries, and KC492526‐KC492562 for 16S rRNA clone library.

2.5. Construction of phylogenetic trees {#mbo3596-sec-0007}
---------------------------------------

Reference bacterial and fungal sequences for the 16S rRNA and ITS region were retrieved with MOLE‐BLAST (<https://blast.ncbi.nlm.nih.gov/moleblast/moleblast.cgi>), using as queries the sequences that were sequenced by this project. MOLE‐BLAST is a specialized tool specifically designed for classifying prokaryotic 16S rRNA and fungal ITS sequences. For each query sequence, the best reference sequence from the MOLE‐BLAST database was retrieved. The query and reference sequences were aligned with Muscle (Edgar, [2004](#mbo3596-bib-0016){ref-type="ref"}), within the Seaview software (Gouy, Guindon, & Gascuel, [2010](#mbo3596-bib-0021){ref-type="ref"}). Fungal ITS sequences were aligned separately, whereas some of the bacterial 16S rRNA sequence fragments had very little or no overlap with the other bacterial sequences. Thus, two separate bacterial multiple alignments and phylogenetic trees were generated.

For each of the three alignments, the Generalized Time Reversible (GTR) substitution model was selected by JModelTest2 (Darriba, Taboada, Doallo, & Posada, [2012](#mbo3596-bib-0014){ref-type="ref"}). Next, Maximum Likelihood phylogenetic trees were generated within the Seaview software (model: GTR; 4 categories of rate variation; nucleotide equilibrium frequencies: empirical; invariable sites: optimized; tree searching operations: SPR; starting tree: BioNJ). Each of the three phylogenetic trees were visualized with the Figtree software (<http://tree.bio.ed.ac.uk/software/figtree/>).

3. RESULTS AND DISCUSSION {#mbo3596-sec-0008}
=========================

In this study, the microbial diversity of biodeteriorated Greek historical documents was assessed by culture‐dependent and independent methods for the first time. In total, 17 distinct fungal phylotypes, belonging to Ascomycetes and Basidiomycetes were identified by culture‐dependent methods. These were closely related to: *Penicillium* sp. (2), *P. citrinum* (2)*, Epicoccum nigrum* (1), *Cladosporium* sp. (2), *P. chrysogenum (*2), *Chalastospora gossypii* (*Alternaria malosum*) (1), *Talaromyces flavus* (1), *Trametes ochracea* (1), *Lewia infectoria (Alternaria infectoria*) (1) as well as four uncultured fungal clones (Table [1](#mbo3596-tbl-0001){ref-type="table"}). Two ITS clone libraries were also constructed to assess fungal diversity by culture‐independent methods. Sequence analysis of the sample 1 clone library has revealed that the predominant fungal phylotype was closely related to ascomycete *Alternaria* sp. (43 out of 44 clones), while a second phylotype was closely related to *P. chrysogenum* (1 out of 44 clones). Library coverage analysis based on Good\'s C estimator was estimated at 97.7%, while the diversity index S~Chao1~ confirmed the low fungal diversity present in this clone library (Table [3](#mbo3596-tbl-0003){ref-type="table"}). Similarly, sequence analysis of the second ITS clone library has revealed that the predominant fungal phylotype was closely related to *A. alternata* (35 out of 37 clones)*,* while phylotypes closely related to *P. chrysogenum* and *Candida* sp. were identified less frequently (1 clone each). Library coverage analysis based on Good\'s C estimator was estimated at 94.6%, while the diversity index *S* ~Chao1~ confirmed the low fungal diversity present in this clone library (Table [3](#mbo3596-tbl-0003){ref-type="table"}).

###### 

Fungi isolated and identified with culture‐dependent methods

  Strain/accession number   Paper document   Closest homologue accession number & sequence similarity (% identity)
  ------------------------- ---------------- -----------------------------------------------------------------------
  FC1/KC492563              Sample 2         FJ647577.1 *Penicillium* sp. (99.8%)
  FC2/KC492564              Sample 1         FJ820627.1 Uncultured fungus clone (96%)
  FC3/KC492565              Sample 2         KU375629.1 *Lewia infectoria (Alternaria infectoria)* (100%)
  FC4/KC492566              Sample 2         JN206678.1 *Penicillium citrinum* (99.8%)
  FC5/KC492567              Sample 4         EF505595.1 Uncultured fungus clone (98%)
  FC6/KC492568              Sample 4         GQ999287.1 Uncultured fungus clone (100%)
  FC7/KC492569              Sample 5         MF925489.1 *Epicoccum nigrum* (100%)
  FC8/KC492570              Sample 5         JN689952.1 *Cladosporium* sp. (100%)
  FC9/KC492571              Sample 1         GU054202.1 Uncultured fungus clone (100%)
  FC10/KC492572             Sample 4         JN032681.1 *Penicillium chrysogenum* (100%)
  FC11/KC492573             Sample 3         JN226938.1 *Penicillium* sp. (100%)
  FC12/KC492574             Sample 2         JN986785.1 *Penicillium chrysogenum* (99.8%)
  FC13/KC492575             Sample 3         HQ696055.1 *Cladosporium* sp. (100%)
  FC14/KC492576             Sample 1         KR150257.1 *Penicillium citrinum* (100%)
  FC15/KC492577             Sample 4         GU183130 *Chalastospora gossypii* (*Alternaria malosum*) (96.2%)
  FC16/KC492578             Sample 4         EF123253.1 *Talaromyces flavus* (99.8%)
  FC17/KC492579             Sample 4         AB158314.1 *Trametes ochracea* (99.7%)
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The phylogenetic tree presented in Fig [2](#mbo3596-fig-0002){ref-type="fig"} depicts the phylogenetic proximity between the fungal phylotypes retrieved by culture‐dependent and independent methods in this study and their most closely related fungi in the MOLE‐BLAST public database. Thirty‐nine sequences were clustered within the *Alternaria* genus. One sequence classified by BLAST analysis as *Epicoccum nigrum* was closely related to *Peyronellaea prosopidis,* within *Didymellaceae* group. One sequence which was rather divergent from *Septoriella phragmitis*, most probably belongs to *Phaeosphaeriaceae* group based on subsequent BLAST analysis. Eight sequences were within the *Penicillium* genus. One sequence classified as *Talaromyces flavus* by BLAST analysis was very closely related to *T. calidicanius*. Three sequences were clustering together and were a close sister group to *Cladosporium*. One sequence which was identified by BLAST analysis as *Candida* sp. was moderately distant to *C. lycoperdinae*. Thus, for the Ascomycetes, the phylogenetic tree was in agreement with the initial BLAST analysis alone. In the Basidiomycetes group, one sequence was a rather distant relative of *Neoaleurodiscus fujii*. Subsequent BLAST analysis revealed that this particular sequence was 96% identical to *Stereum rugosum*. Another sequence was a distant relative of *Gloeodontia eriobotryae*. Subsequent BLAST analysis revealed that this particular sequence was 100% identical to *Peniophora* sp. Finally another sequence was a rather distant relative to *Ganoderma destructans*. Nevertheless, BLAST analysis revealed that this particular sequence was 99.7% identical to *Trametes ochracea*. Most probably, the poor representation of this type of sequences from Basiodiomycetes in the MOLE‐BLAST database is responsible for not identifying very close relatives in this particular evolutionary lineage.

![Maximum Likelihood Phylogenetic tree of the fungal ITS sequences identified in this study, together with closely related sequences from publicly available sequence databases, retrieved by MOLE‐BLAST](MBO3-7-e00596-g002){#mbo3596-fig-0002}

Typical fungal colonizers of paper documents are found to be species of slow‐growing ascomycetes as well as mitosporic xerophilic fungi like *Aspergillus* spp., *Penicillium* spp, and *Cladosporium* spp. (Pinzari et al., [2006](#mbo3596-bib-0049){ref-type="ref"}; Polo, Cappitelli, Villa, & Pinzari, [2017](#mbo3596-bib-0050){ref-type="ref"}). Fungi isolated in this study are often implicated in biodeterioration of historical documents (Kraková et al., [2012](#mbo3596-bib-0026){ref-type="ref"}, [2016](#mbo3596-bib-0027){ref-type="ref"}; Lech, [2016](#mbo3596-bib-0032){ref-type="ref"}; Mesquita et al., [2009](#mbo3596-bib-0034){ref-type="ref"}; Paiva de Carvalho et al., [2016](#mbo3596-bib-0044){ref-type="ref"}; Polo et al., [2017](#mbo3596-bib-0050){ref-type="ref"}; Sterflinger & Pinzari, [2012](#mbo3596-bib-0062){ref-type="ref"}). Interestingly, isolated fungi included phylotypes closely related to *Trametes ochracea* and *Chalastospora gossypii,* which to the best of our knowledge were never identified in biodeteriorated paper documents before this study. *T. ochracea* is a well‐known wood‐decaying basidiomycete (Dai, Xu, Yang, & Jiang, [2008](#mbo3596-bib-0013){ref-type="ref"}; Olennikov, Agafonova, Penzina, & Borovskiî, [2014](#mbo3596-bib-0043){ref-type="ref"}) which excretes enzymes implicated in lignin degradation. Therefore, its implication in paper document biodeterioration is very likely. *Talaromyces flavus* is a slow‐growing endophytic fungus with the potential to be used as biocontrol agent and in bioremediation of the commonly used herbicide, nicosulfuron (Song et al., [2013](#mbo3596-bib-0058){ref-type="ref"}; Yuan et al., [2017](#mbo3596-bib-0066){ref-type="ref"}). *T. flavus* has been recently isolated from a photo conserved in the National Archives of Cuba (Borrego & Perdomo, [2014](#mbo3596-bib-0006){ref-type="ref"}). The closely related species *T. rugulosus* has been recently isolated from wooden organ pipes and it has demonstrated cellulolytic and lignolytic activity (Štafura et al., [2017](#mbo3596-bib-0060){ref-type="ref"}). Interestingly, another related species *T*. *helicus*, has been isolated from a map and it has demonstrated amylolytic and proteolytic activities that could justify it as a potential cellulose degrader (Borrego, Lavin, Perdomo, Gómez de Saravia, & Guiamet, [2012](#mbo3596-bib-0004){ref-type="ref"}; Guiamet, Borrego, Lavin, Perdomo, & Gómez de Saravia, [2011](#mbo3596-bib-0022){ref-type="ref"}). *C. gossypii* (synonym of *A. malorum*) is a rather obscure ascomycete, which is poorly studied (Crous et al., [2009](#mbo3596-bib-0012){ref-type="ref"}). Its implication in biodeterioration of cultural objects is not known at all.

Moreover, a fungal phylotype closely related to *Candida* sp. was identified in this study. Interestingly, in a study using a similar approach, 17% of ITS clones were identified within the genus *Candida,* but no evidence regarding implication in paper deterioration was provided (Principi, Villa, Sorlini, & Cappitelli, [2011](#mbo3596-bib-0051){ref-type="ref"}). Recently, a fungal phylotype closely related to *Candida* sp. was isolated from photos conserved in the National Archives of Cuba but it was neither able to degrade paper nor crystalline cellulose (Borrego, Molina, & Santana, [2015](#mbo3596-bib-0005){ref-type="ref"}).

Among the fungal phylotypes retrieved in this study, well‐known allergens such as *Penicillium* spp., *Alternaria* spp., and *Cladosporium* spp. are included thus imposing a serious health threat on librarians, conservators, and scholars who might be in contact with these documents (Cappitelli & Sorlini, [2005](#mbo3596-bib-0008){ref-type="ref"}; Kadaifciler, [2017](#mbo3596-bib-0025){ref-type="ref"}; Mesquita et al., [2009](#mbo3596-bib-0034){ref-type="ref"}). Therefore, it is important for all users to be aware of this issue and adequate precautions should be taken when handling documents infested with these molds.

Analysis of the bacterial diversity retrieved by culture‐dependent methods, revealed 15 phylotypes, belonging to Firmicutes and Actinobacteria. These phylotypes were closely related to: *Staphylococcus* sp. (2), *Kocuria* sp.(1) *Paenibacillus provencensis*(1)*, S. hominis*(2)*, S. epidermidis* (4)*, S. pasteuri* (1)*, Micrococcus luteus* (2)*, M. yunnanensis* (1), and *Bacillus foraminis* (1) (Table [2](#mbo3596-tbl-0002){ref-type="table"}).

###### 

Bacteria isolated and identified with culture‐dependent methods

  Strain/Genbank accession number   Paper document   Closest homologue accession number & sequence similarity (% identity)
  --------------------------------- ---------------- -----------------------------------------------------------------------
  BS1/KC492510                      Sample 1         NR_044179.1 *Paenibacillus provencensis* (100%)
  BS10/KC492511                     Sample 3         JN615458.1 *Kocuria* sp. (100%)
  BS11/KC492512                     Sample 2         HE578786.1 *Staphylococcus hominis* (100%)
  BS12/KC492513                     Sample 1         FR799429.1 *Micrococcus luteus* (100%)
  BS2/KC492514                      Sample 1         FR775755.1 *Staphylococcus epidermidis* (99%)
  BS3/KC492515                      Sample 1         JN944739.1 *Staphylococcus hominis* (100%)
  BS4/KC492516                      Sample 3         AB681292.1 *Staphylococcus epidermidis* (100%)
  BS5/KC492517                      Sample 5         FR750973.1 *Micrococcus luteus* (100%)
  BS6/KC492518                      Sample 1         HM163530.1 *Bacillus foraminis* (99%)
  BS7/KC492519                      Sample 4         HQ663910.1 *Micrococcus yunnanensis* (100%)
  BS9/KC492521                      Sample 3         AB681292.1 *Staphylococcus epidermidis* (100%)
  CS10/KC492522                     Sample 4         HF564648.1 *Staphylococcus epidermidis* (100%)
  CS11/KC492523                     Sample 2         JX994109.1 *Staphylococcus pasteuri* (100%)
  CS8/KC492524                      Sample 5         HQ436427.1 *Staphylococcus* sp. (100%)
  CS9/KC492525                      Sample 1         JQ522974.1 *Staphylococcus* sp. (100%)
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Most bacterial phylotypes (9 out of 15) isolated in this study belong to *Staphylococcus* spp. and their presence on document surface could be attributed to human contact since they are part of human skin microbiome (Baviera et al., [2014](#mbo3596-bib-0003){ref-type="ref"}). Actinobacteria such as *M. luteus*,*M. yunnanensis,* and *Kocuria sp*. were among other isolated phylotypes. Interestingly, *Micrococcus* spp. and *Kocuria* spp. were the dominant isolated bacteria (58%) from indoor air samples of storerooms at the Auschwitz‐Birkenau museum (Niesler et al., [2010](#mbo3596-bib-0039){ref-type="ref"}). *M. yunnanensis* was isolated from a 13th‐century historical document in Poland, whereas *M. luteus* is known to be implicated in biodeterioration of cultural objects due to proteolytic properties (Lech, [2016](#mbo3596-bib-0032){ref-type="ref"}). Furthermore, *Kocuria* spp. have been isolated from archival items in previous studies (Lech, [2016](#mbo3596-bib-0032){ref-type="ref"}; Puškárová et al., [2016](#mbo3596-bib-0052){ref-type="ref"}) but their implication in biodeterioration was not clear. Recently, it has been shown that the lignocellulose depolymerizing multi‐enzyme complex, comprising of lignin peroxidase, xylanases, and cellulases were present in *Kocuria* spp. isolated from *Eucheuma cottonii,* indicating for the first time a putative contribution of these bacteria in paper biodeterioration (Satheeja Santhi, Bhagat, Saranya, Govindarajan, & Jebakumar, [2014](#mbo3596-bib-0054){ref-type="ref"}).

Sequence analysis of 16S rRNA gene clone library of the paper sample 4 revealed that most bacterial phylotypes belonged to *Bacillus* group (81.4%). Nevertheless, other Firmicutes such as *Paenibacillus* sp., *Halobacillus* sp., *Ornithinibacillus* sp., *Anaerobacillus* sp., *Streptococcus* sp., *Staphylococcus* sp., and *Cohnella* sp. were represented but less frequently (12.9%). Actinobacteria were represented by *Propionibacterium* sp., and Proteobacteria were represented by *Devosia* sp. (Alpha‐proteobacteria) and *Lysobacter* sp. (Gamma‐proteobacteria) but even less frequently (1.9% and 3.8%, respectively). Although library clone coverage based on Good\'s C estimator was not as high as it was for ITS clone libraries, species richness evaluated by Chao1 and Shannon indexes revealed quite high bacterial diversity (Table [3](#mbo3596-tbl-0003){ref-type="table"}). The phylogenetic trees presented in Figures [3](#mbo3596-fig-0003){ref-type="fig"} and [4](#mbo3596-fig-0004){ref-type="fig"} depict the phylogenetic proximity between the bacterial phylotypes retrieved in this study and their most closely related bacteria in the MOLE‐BLAST database. From the combination of the two bacterial trees, 45 sequences were within the Firmicutes group, with 10 of them within the *Staphylococcus* genus and 35 of them within the *Bacillus* group. In Actinobacteria, three sequences were within the *Micrococcus* genus, one sequence was very closely related to *Kocuria sediminis* and one very closely related to *Propionibacterium acnes*. In Proteobacteria, two sequences were very closely related to *Devosia limi* and *Lysobacter mobilis,* respectively.

###### 

Library coverage and species richness estimation in ITS and 16S rRNA gene clone libraries

  Parameters                                                Fungi (Sample 1)   Fungi (Sample 4)   Bacteria (Sample 4)[b](#mbo3596-note-0003){ref-type="fn"}
  --------------------------------------------------------- ------------------ ------------------ -----------------------------------------------------------
  Total no. of OTUs[a](#mbo3596-note-0002){ref-type="fn"}   2                  3                  17
  \% of library coverage                                    97.7               94.6               74.5
  Chao1 species estimator                                   2                  3                  56
  Shannon index                                             1.11               1.28               2.08

OTUs at 3% of sequence difference.

Values for bacteria were estimated according to Schloss et al. ([2009](#mbo3596-bib-0055){ref-type="ref"}).
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![Maximum Likelihood Phylogenetic tree of Bacterial 16rRNA sequences fragments identified in this study, together with closely related sequences from publicly available sequence databases, retrieved by MOLE‐BLAST](MBO3-7-e00596-g003){#mbo3596-fig-0003}

![Maximum Likelihood Phylogenetic tree of Bacterial 16rRNA sequences fragments identified in this study, together with closely related sequences from publicly available sequence databases, retrieved by MOLE‐BLAST. This tree was based on an alignment of sequence fragments that had little or no overlap with sequence fragments used for the Phylogenetic tree of Figure [3](#mbo3596-fig-0003){ref-type="fig"}](MBO3-7-e00596-g004){#mbo3596-fig-0004}

Most bacterial phylotypes retrieved with culture‐independent methods belonged to the *Bacillus* group which are often associated with deterioration of archival items such as historical documents and photographs (Kraková et al., [2012](#mbo3596-bib-0026){ref-type="ref"}; Lech, [2016](#mbo3596-bib-0032){ref-type="ref"}; Piñar et al., [2015](#mbo3596-bib-0047){ref-type="ref"}; Puškárová et al., [2016](#mbo3596-bib-0052){ref-type="ref"}). Next to *Bacillus*, bacteria belonging to closely related genera such as *Paenibacillus*,*Halobacillus Ornithinibacillus,* and *Anaerobacillus* were identified but less frequently. Interestingly, *Halobacillus* spp. were identified in deteriorated wall paintings of the Cathrine chapel at Herberstein castle (Piñar et al., [2001](#mbo3596-bib-0046){ref-type="ref"}) and the St. Virgil chapel in Vienna, both dating back to the 14th century (Ripka, Denner, Michaelsen, Lubitz, & Piñar, [2006](#mbo3596-bib-0053){ref-type="ref"}). Identified bacterial phylotypes closely related to *Staphylococcus* sp., *Streptococcus* sp., and *Propionibacterium* sp. could be attributed to human skin contact as previously described (Principi et al., [2011](#mbo3596-bib-0051){ref-type="ref"}). Moreover, identified proteobacterial phylotypes were closely related to *Devosia* sp. and *Lysobacter* sp. Recently, *L. dokdonensis* has been isolated from a biodeteriorated paper document dating back to the 18th century and it has shown cellulolytic and proteolytic activity (Kraková et al., [2012](#mbo3596-bib-0026){ref-type="ref"}). *Devosia* spp. often display endophytic behavior and they colonize tree roots and trunks. Therefore, they might consist part of the microbiome present in trees used for papermaking. Their presence in biodeteriorated archaeological wood samples has been demonstrated previously (Landy, Mitchell, Hotchkiss, & Eaton, [2008](#mbo3596-bib-0028){ref-type="ref"}; Nikolouli, Pournou, McConnachie, Tsiamis, & Mossialos, [2016](#mbo3596-bib-0041){ref-type="ref"}).

Recently, next generation sequencing (NGS) has been employed to assess microbial diversity in cultural heritage as a cutting‐edge culture‐independent method (Adamiak, Otlewska, Tafer, Lopandic, Gutarowskaa, Sterflingerb, & Piñar, [2017](#mbo3596-bib-0001){ref-type="ref"}; Kraková et al., [2016](#mbo3596-bib-0027){ref-type="ref"}; Ogawa, Celikkol‐Aydin, Gaylarde, Baptista Neto, & Beech, [2017](#mbo3596-bib-0042){ref-type="ref"}). Although NGS has very high sensitivity and reveals the vast diversity of the sampled microbiota this does not necessary reflects a putative involvement of very low abundance phylotypes in the biodeterioration process. A recent study of the prokaryotic diversity in biodeteriorated archaeological wood has employed two different culture‐independent methods: 16S rRNA gene clone libraries and NGS (Nikolouli et al., [2016](#mbo3596-bib-0041){ref-type="ref"}). Comparison of these two approaches has revealed that only three bacterial phylotypes were solely identified by NGS (Nikolouli et al., [2016](#mbo3596-bib-0041){ref-type="ref"}). Therefore, in this study ITS and 16S rRNA gene clone libraries have been employed to retrieve the dominant microbial phylotypes present in biodeteriorated historical manuscripts.

Certain fungi and bacteria retrieved in this study are well‐known biodeteriogenic agents in accordance with previous studies. New or less‐known fungi and bacteria implicated in paper degradation have been described, indicating that particular ambient conditions, substrate chemistry, or even location might influence the composition of colonizing microbiota. The findings of this study might be useful as a guideline in designing and developing target‐specific monitoring schemes thus minimizing biodeterioration of valuable historical documents and the health impact on all users.
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